We report on the role of the coupling of the modes of Mie resonances in an alldielectric metamaterial so as to achieve negative index at terahertz frequencies. We studied this role according to the lattice spacing and according to the frequency overlapping of the modes of resonance. We show that negative effective index requires sufficiently high mode coupling.
I. INTRODUCTION
All-dielectric metamaterials are an alternative to metallic metamaterials due to their low loss, notably at terahertz frequencies. They rely on the first two Mie resonances of high dielectric permittivity resonators. The first mode results in effective resonant permeability which can have negative values, while the second one results in effective resonant permittivity which can also have negative values. When both are simultaneously negative, the all-dielectric metamaterial is called "double negative" and its effective refractive index becomes negative [1] . Mode coupling effect plays a dominant role in the electromagnetic properties of metamaterials [2, 3] .
II. SIMULATIONS
We consider a 2D all-dielectric metamaterial whose unit cell consists of two building blocks, a magnetic one and an electric one, the former resonating in the first mode of Mie resonances and the latter resonating in the second mode. This metamaterial consists of one layer made up of two sets of square cross-section high permittivity resonators perpendicular to the incident wave vector. The metamaterial has been numerically simulated by the means of the commercial software HFSS TM which allows to calculate the S-parameters. The widths of the resonators are initially a m = 60 μm for the first mode and a e = 90 μm for the second one, the lattice period being l = 130 μm. The relative permittivity of the dielectric is r = 94 (Titanium dioxyde -T iO 2 ) and the loss tangent is tan δ = 0.012 [4, 5] .
We firstly studied the coupling between the first two modes of resonance depending on the lattice period, then depending on the frequency overlapping of the modes of resonance. The results of the simulations show that this coupling should be strong enough so as to achieve negative index (cf. Fig. 1 & 2) . Increasing mode coupling is obtained, in one hand, by the decreasing of the lattice period l. It is obtained, on the other hand, by decreasing the frequency of the second mode of Mie resonances, which comes from diminishing the width a e of the "electric" resonator. When the mode coupling is sufficient, then the bandwidth in which the effective index n ef f is negative increases with the coupling. The negative index frequency range is determined by the relation [7] (ω) · μ (ω) + (ω) · μ (ω) = 0.
(
The results also show that increasing mode coupling gives rise to a frequency degeneracy effect in both cases of mode coupling, that is, the frequencies of resonance of both modes, which are identified by the minimum of the S 12 -parameter [3] , become equal. The effective electromagnetic parameters μ ef f , ef f and n ef f are extracted from S-parameters using the retrieval method described in [6] . Fig. 3 shows the effective parameters for two values of the lattice period l.
III. CONCLUSION
We studied mode coupling in all-dielectric metamaterials and showed that this coupling has to be sufficient so as ensure negative index of refraction. Fig. 1 . The width of the "magnetic" resonator is a m = 60 μm while the lattice period is l = 130 μm. Increasing mode coupling is obtained by bringing nearer the frequency of the second mode to that of the first mode, which also leads to a frequency degeneracy of both modes. Shaded area denotes the frequency interval in which the effective index n ef f is negative. When the lattice period is l = 140 μm, the mode coupling is sufficient to allow negative index, whereas it is not when the lattice period is l = 190 μm.
